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Abstract 
Amine functionalized layered double hydroxide (LDHs) adsorbents prepared using three 
different routes: co-precipitation, sono-chemical and ultrasonic-assisted high pressure 
hydrothermal. The prepared adsorbent samples were characterised using X-ray diffraction 
(XRD), X-ray Photoelectron Spectroscopy (XPS), Scanning electron microscope-Energy 
dispersive X-ray spectroscopy (SEM-EDX), Temperature Programmed Desorption (TPD), 
Brunauer-Emmett-Teller (BET), and Thermogravimetric analysis (TGA), respectively. The 
performance of the prepared adsorbents was tested under a controlled thermal-swing adsorption 
process to measure its adsorption capacity, regeneration and cyclic efficiencies subsequently. 
The characterisation results were compared with those obtained using the conventional 
preparation routes but taking the impact of sonochemical and hydrothermal pre-treatment on 
textural properties, adsorption capacity, regeneration and cyclic efficiencies into account. 
Textural results depicts a surge in surface area of the adsorbent synthesised by hydrothermal 
route (311 m
2
/g) from 25 and 171 m
2
/g for conventional and ultrasonic routes respectively. 
Additionally, it has been revealed from the present study that adsorbents prepared using 
ultrasonic-assisted hydrothermal route exhibit a better CO2 uptake capacity than that prepared 
using sonochemical and conventional routes. Thus, the ultrasonic-assisted hydrothermal 
treatment can effectively promote the adsorption capacity of the adsorbent. This is probably due 
to the decrease of moderate (M-O) and weak (OH
-
 groups) basic sites with subsequent surge in 
the number of strong basic sites (O
2-
) resulting from the hydrothermal process. Moreover, the 
cyclic adsorption efficiency of the ultrasonic mediated process was found to be 76% compared 
with 60% for conventional and 53% for hydrothermal routes, respectively. According to the 
kinetic model analysis, adsorption mechanism is mostly dominated by physisorption before 
amine modification and chemisorption after the modification process. 
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 1. INTRODUCTION 
Adsorption of carbon dioxide is perceived as the most suitable method for Carbon Capture and 
Storage (CCS) technology [1, 2]. Extensive studies on various adsorbents used for CO2 uptake 
has been carried out over the years. Layered double Hydroxides (LDHs) provided comparatively 
high uptake capacity with numerous catalytic applications [3, 4]. Additionally, its ionic inter-
layered configuration enhances the number of basic sites and provides high contact surface area 
[4]. LDHs are anionic clay minerals also known as mixed-metal layered hydroxides or 
hydrotalcites-like compounds. They possess two dimensional structure of layers shaped by 
trivalent and divalent cations parted by water and anions molecules (see Figure 1) with a general 
formula: 
     
    
        
       
        
  
 
where M
2+ 
and M
3+
 are divalent and trivalent cations respectively, A
m-
 is a compensating anionic 
charge, x is the partial substitution of M
2+ 
and M
3+
, usually within a M
2+
/M
3+ 
ratio of 2 and 5 [4-
6]. 
 
 
Figure 1: Structural configuration of layered double hydroxides ([5]-permission obtained) 
 
LDHs are basically synthesized via co-precipitation of solutions containing M
2+ 
and M
3+
 metal 
salts in a preferred interlayer anion [6, 7]. This synthesis method can be conducted at high or low 
supersaturation environments. In low supersaturation condition, the metal solutions are added 
concurrently to the solution containing the alkali; whereas the metal (at a given M
2+
/M
3+ 
ratio) 
mixture is added to the alkali and anion precursor solution for high supersaturation conditions. 
The former tends to produce more crystalline structures because of the increased rate of 
nucleation over crystallization [6]. Besides this method, other means of synthesizing LDH are 
sol-gel and urea techniques [7, 8]. 
 
A key property of this material for the purpose of CO2 adsorption and other catalytic reactions is 
its basic property. Owing to the occurrence of interlayered anions and water molecules in the 
structure, LDH behave as solid bases. Wide ranges of basic strength can be obtained depending 
on the treatment route and metallic composition. This is primarily attributed to the nature and 
deposition of the divalent and trivalent cations on the material. With this property, CO2 has 
enough acidic strength to bond with the weak basic sites of LDH. However, with an improved 
basic strength, CO2 is chemisorbed weakly on low basic sites, surface hydroxyl groups forming 
bicarbonates and strongest on strong basic sites, free lattice oxygen (O
2-
) forming mono-dentate 
carbonates. Adsorption on medium basic sites are on acid-base (metal-oxygen) pairs like Mg
2+
-
O
2-
 or Al
3+
-O
2-
 forming tri-dentates or bi-dentates. The use of temperature-programmed 
desorption monitored by infrared spectroscopy are shown in Figure 2 according to the work [9]. 
 
 
 
Figure 2: Infrared bands of adsorbed CO2 on LDH surface ([9]-Permission obtained) 
 
The strength of these basic sites determine the adsorption and regeneration capacity of the 
adsorbent. Most research studies, to the best our knowledge, have emphasised the effect of 
metallic composition on this property. However, it is observed from this study that the 
preparation route plays a key role in the basic strength of this material. Subsequently, this affects 
the adsorption and regeneration capacities, as well as the life span of the material [10]. In 
addition, the intimate contact between the metallic contents of the LDHs enhances the physico-
chemical properties of these materials making it suitable precursors for the synthesis of mixed 
oxides for hydrogenation and dehydrogenation reactions [6, 11]. Metallic contact can be 
improved upon by boosting the deposition and dispersion of the cations on the adsorbent. This 
can be achieved by adopting several preparation routes [3, 12-14]. 
 
In this work, the impact of ultrasonic irradiation and ultrasonic-assisted hydrothermal synthesis 
route on the basicity, adsorption, regeneration and cyclic efficiencies were investigated. This is a 
follow-up study to recent work [10]. This method has shown to produce materials with well-
ordered formation [15]. The prepared samples were characterized using Scanning Electron 
Microscope (SEM), Energy Dispersion X-ray Spectroscopy (EDX), Brunauer-Emmett-Teller 
(BET), Thermal Gravimetric Analyzer (TGA), Temperature-Programmed Desorption (TPD), X-
ray Photoelectron Spectroscopy (XPS) and X-ray Diffraction (XRD). 
 
2. EXPERIMENTAL 
2.1 Material preparation 
Different preparation methods were used in preparing the layered double hydroxides (LDHs) 
using the standard method from previous study [10]: conventional co-precipitation, ultrasonic 
mediated and ultrasonic-assisted hydrothermal. Subsequently, MEA extractions of these LDHs 
were carried out to produce the amine modified LDHs. All chemicals used for experimentation 
were acquired from SinoPharm Chemical Reagents Co. Ltd. 
 
2.2 Sample Synthesis 
For MgAl LDH, 200 ml solution containing APTS (≥98%) and SDS (≥86%) (molar ratio: 5:1) 
respectively dissolved in a mixture of 50 ml C2H5OH (≥99.7%) and 150 ml distilled water was 
stirred for about 30 min at a temperature of 60 
o
C until the pH stabilized at about 10.3. This 
solution was then reacted with Mg(NO3)2·6H2O (≥98%) and Al(NO3)3·9H2O (≥99%)  (molar 
ratio: 3:1, dissolved in 100 ml of distilled water) solution by adding the latter dropwise while 
maintaining the temperature of the former at 60 
o
C. The mixture pH was regulated towards 10 
using 4 M NaOH (≥96%) solution. The substrate (molar ratio of Mg:Al:APTS:SDS = 3:1:5:1) 
was then aged for 20hr with the constant stirring at the maintained temperature. The filtered 
precipitates were then washed with ionised water before being vacuum dried (500 mbar at 70 
o
C) 
overnight. This sample is labelled as Conv-LDH. Using the same chemical composition and 
process, a set of new samples were prepared using sonicated mixing by ultrasonic horns (high 
intensity sonication, 600W) [10]. This sample is labelled as US-LDH. 
 
For ultrasonic-assisted hydrothermal synthesized samples, HPH-LDH, 32 ml solution containing 
APTS (≥ 98%) and SDS (≥ 86%) (APTS:SDS molar ratio: 5) was reacted with Mg(NO3)2.6H2O 
(≥ 98%) and Al(NO3)3.9H2O (≥ 99%)  (Mg:Al molar ratio: 3, dissolved in 16 ml of distilled 
water) solution. The latter was added dropwise while maintaining the temperature of the former 
at 60 
o
C and sonicating with ultrasonic horn. The substrate (molar ratio of Mg:Al:APTS:SDS = 
3:1:5:1) was moved to the hydrothermal reactor. After being vented with pure N2 gas (99.99%) 
for 15 mins in order to remove all of the oxygen before the reaction, the reactor was sealed and 
heated to a temperature of 450 °C with a ramp of 2 °C/min and then held for 15 mins. After 
reaction, the solution was aged for 12 hr. The precipitates were filtered, washed with distilled 
water and then dried in a vacuum oven (500 mbar at 70 
o
C) for 7 h. 
 
For MgAl LDH-MEA, the prepared LDHs were functionalised via MEA extraction. 0.5 g of LDH 
sample was dispersed in a solution of 100 ml C2H5OH (≥99.7%) containing 20 g MEA (≥99%). 
The mixture was then refluxed for 20 hr at a temperature of 90 
o
C. After which the samples were 
filtered, washed with ethanol and dried in a vacuum oven overnight. These samples are labelled 
Conv-MEA. Using an ultrasonic horn, the procedure was repeated for the synthesised US-LDHn 
samples. The obtained samples are labelled US-MEA. Similarly, this was repeated for the HPH-
LDH samples and labelled as HPH-MEA. 
 
2.3 Characterisation 
2.3.1. Nitrogen adsorption-desorption analysis: 
The textural characteristics of the prepared catalysts were studied by Nitrogen physisorption 
analysis at -196 
o
C using the Micrometrics ASAP 2020 Surface Area and Porosity Analyser. 
Prior to this analysis, samples were degassed at a temperature of 105 
o
C for 4 hr. The surface 
area (SBET) of the samples was determined using the BET (Brunauer, Emmett and Teller) model. 
The total pore volumes (VTotal) were computed from the amount of nitrogen adsorbed at relative 
pressure (P/Po) of 0.99 and the average pore volumes from 4VTotal/SBET. The pore size 
distribution was calculated using the BJH (Barrett, Joyner and Halenda) model. The t-plot 
method was used to calculate the micopore volume (Vmicro). 
 
2.3.2. Scanning electron microscope-Energy dispersive X-ray spectroscopy (SEM-EDX): 
The surface composition and structure of the prepared materials were studied with a Zeiss 
ΣIGMA™ Field Emission SEM and an Oxford Instrument INCAx-act PentaFET® Precision 
EDX. The EDX spectra for the LDHs were obtained. This was also used to compute the amine 
content present in the adsorbents 
 
2.3.3. X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) Analysis:  
XRD patterns were studied using a Bruker-AXS D8 advance powder diffractometer with a 
scanning range of 10
o
 ≤ 2θ≤ 90o. X-ray Photoelectron Spectroscopy (XPS) data of the adsorbent 
was obtained using Kratos X-ray Photoelectron Spectrometer – Axis Ultra DLD with a 96 W 
monochromatic Al Kα X-ray source (1486.69 eV) at a photoelectron take-off angle of 45°. 
Narrow scans were conducted at steps of 0.05 eV with dwell time of 600 ms whereas wide scans 
were conducted from 1100 eV to 0 eV with 150 ms dwell time and at 1 eV steps. The C 1s peak 
at 284.6 eV was used as the reference for standardizing the binding energy.  
 
2.3.4. Temperature-Programmed Desorption (TPD): 
CO2-TPD analysis was conducted using AutoChem II 2920. The TPD of CO2 measurements 
were conducted to evaluate the basicity of the catalysts. 0.1 g of the adsorbent was treated in the 
reactor in N2 atmosphere at a temperature of 350 
o
C for 2 hr. A thermal conductivity detector 
(TCD) was adopted to analyze desorption trends from 100 to 800 °C at a heating rate of 
10 °C/min. 
 
2.3.5. Thermo-gravimetric analysis: 
Thermal stability and CO2 uptake measurements were conducted using the Netzsch STA 449 F3 
Jupiter thermogravimetric analyser (TGA). 
Thermal Stability Measurement. The stability of the as-synthesised LDH samples in air was 
determined. 0.4 cm
3 
alumina crucible was loaded with 5-10 mg of sample and the thermal 
decomposition examined from 25 to 1000 
o
C , ramped 10 
o
C/min and under air flow (50 ml/min). 
 
CO2 Uptake Measurement. Approximately 5-10 mg of the synthesized sample was heated from 
25 to 105 
o
C at 20 
o
C/min under N2 at a flow rate of 50 ml/min; and then held isothermally for 30 
min before being cooled to the required adsorption temperature at a rate of 10 
o
C/min. The gas 
was switched from N2 to CO2 and held isothermally for 90 min at a flow rate of 20 ml/min. The 
experimental adsorption temperature is 55 
o
C. The CO2 adsorption capacity was calculated from 
the weight difference of the samples in CO2 atmosphere. The uptake profile was measured 
against an empty alumina crucible using the same method so as to correct the impact of change 
in gas density and viscosity. 
 
Thermally Assisted Regeneration of Adsorbent. Regeneration efficiency of the functionalized 
samples were analysed by thermal-assisted regeneration using nitrogen as a sweep gas. Two 
cycles of the CO2 uptake measurement was repeated in this case. In between the cycles, the 
adsorbents were thermally desorbed at 105 
o
C in a stream of N2 at a flow rate of 50 ml/min for 
10 mins. The amount adsorbed (Qa) and desorbed (Qd) were deduced by the change in weight of 
the samples. The regeneration efficiency (RE) was thus estimated based on equation (1): 
 
%100
a
d
Q
Q
RE     (Equation-1) 
 
3. THEORETICAL 
To predict kinetic behaviour, the experimental results were simulated assuming pseudo-first, 
pseudo-second order and double-exponential kinetic models [16]. The double exponential model 
was considered because of its feasibility to explain the surface heterogeneity of the adsorbent 
accounting for two different adsorption sites. Additionally, it can partially elaborate the kinetic 
mechanisms associated with both pseudo-first and second order reactions. This mechanism can 
be categorised into a controlled slow phase intra-particle diffusion and a controlled fast phase 
surface reaction [17]. 
 
Pseudo-first order model 
 tke fexx  1     (Equation-2) 
Pseudo-second order model 
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2
     (Equation-3) 
Double exponential model 
 tktke eAeAxx 21 21       (Equation-4) 
where x and xe represents the CO2 uptake at a given time and equilibrium respectively, kf and ks 
are the first and second order rate constants respectively, Ai and ki, i=1,2 are pre-exponential 
factors and rate constants for the two adsorption sites respectively, and t is the time of 
adsorption. The obtained experimental data are fitted to the models and selecting the one with the 
best fit. 
 
To determine the suitability of each model, an error function (Err) defined by equation (5) was 
applied: 
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where xexp and xmod are CO2 uptake determined experimentally and computed using the model 
respectively and N is the total number of experimental points. It is reasonable to assume that the 
adsorption rate constant, k for both pseudo-first and -second order model is the same for each 
group of functionalized and non-functionalized adsorbents since they are both grafted with the 
same amino silane. However, this was not assumed in this study. The effect of preparation route 
on the rate constant was rather studied 
 
4. DISCUSSION OF RESULTS 
4.1. Impact of preparation route on textural properties and surface morphology 
Table 1: Texture properties of the samples 
Sample 
SBET  Particle 
Size 
VTotal Vmicro Average Pore 
Width 
%Micro* 
(m
2
/g) (nm) (cm
3
/g) (cm
3
/g) (nm) (%) 
Conv-LDH 25.03 239.67 0.0161 0.0008 2.57 4.97 
US-LDH 171.20 35.05 0.5528 0.0229 12.92 4.14 
HPH-LDH 311.18 19.28 1.4005 0.0023 18.00 0.16 
*%Micro = Vmicro/VTotal 
 
From Table 1, SBET of Conv-LDH is ca. 25 m
2
/g which showed an increase to 171.20 and 311.18 
m
2
/g for US-LDH and HPH-LDH respectively. In the same trend, the total pore volume showed 
a tremendous increase indicating that the sonication and hydrothermal preparation methods 
enhances the porosity of the sample as well as the surface area when compared to other studies 
(see Table 2). However, these methods tend to reduce the micropores in the sample with the 
hydrothermal route exhibiting the least microporous percentile. This depicts that the sample is a 
mesoporous/macroporous material with minor microporous features. The features of these pores 
can be seen from Figure 3. All three samples contained approximately the same volume ratio of 
mesopores to macropores. However, the Conv-LDH is observed to have a higher percentile of 
low range mesopores (2-10 nm) contributing to 55% of the total pore volume as compared to 10% 
and 15% for US-LDH and HPH-LDH respectively. The high range mesopores (10-50 nm) 
accounted for about 50% of the total pore volume of the US-LDH and HPH-LDH samples 
compared to ca. 7% in Conv-LDH. This can be further illustrated by the inserted image of Figure 
3 displaying the pore size distribution in terms of total volume percentages. 
 Figure 3: Pore size distribution of Conv-, US- and HPH-LDH samples 
 
Figure 4 shows the total absolute volume of the pores at various pore size. It depicts that the high 
range mesopores mostly contribute to the total pore volume of the samples and comprises of a 
higher pore distribution. 
 
Figure 4: Total pore volume of various pore sizes of Conv-, US- and HPH-LDH samples 
(bubble size indicates relative amount of pore size). 
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Table 2: Comparison of SBET for different LDH adsorbent via different preparation routes 
Sample* Preparation Method 
SBET 
Reference 
(m
2
/g) 
LDH Commercial 2.90 [18] 
CO3-LDH Commercial 18.90 [19] 
Conv-LDH Co-precipitation 10.50 [20] 
Conv-LDH Co-precipitation 44-70 [18] 
Conv-LDH Co-precipitation 69.78 [21] 
Conv-LDH Co-precipitation 25.03 Current work 
c-LDH Calcined Co-precipitation 84-123 [18] 
c-CO3-LDH Calcined Solvothermal 165.07 [22] 
US-LDH Ultrasonic assisted 84.44 [21] 
US-LDH Ultrasonic assisted 171.20 Current work 
r-LDH Reconstructed 45-55 [18] 
CO3-LDH Solvothermal 24.74 [22] 
LDH Silylated-Calcined 19.20 [23] 
HPH-LDH Hydrothermal 311.18 Current work 
*LDH samples are Mg-Al LDH 
 
 
  
Figure 5: Nitrogen adsorption-desorption isotherms for Conv-LDH, US-LDH and HPH-LDH 
samples (inserted image shows the enlarged isotherm for Conv-LDH) 
  
Table 3: Surface content and binding energy for N 1s and O 1s levels for LDH, US-LDH and HPH-LDH 
  N 1s Spectra O 1s Spectra 
Preparation  
Route 
Sample 
Binding Energy  
(eV) 
Area  
(cps eV) 
Content 
 
 
    
          
  
Binding Energy  
(eV) 
Area 
 (cps eV) 
Content 
 
 
   
   
  
Free 
Amine 
Protonated 
Amine 
Free 
Amine 
Protonated 
Amine 
Lattice 
Oxygen 
(O
2-
) 
Hydroxyl 
Group 
(OH
-
) 
Lattice  
Oxygen 
(O
2-
) 
Hydroxyl 
Group 
(OH
-
) 
Conventional Conv-LDH 396.7 400.8 640.0 626.4 1.02 529.9 531.4 7633.2 1011.8 0.13 
Ultrasonic  US-LDH 396.9 400.3 574.1 876.6 0.65 529.8 531.3 10109.2 2053.1 0.21 
Hydrothermal HPH-LDH 395.4 399.1 349.7 791.2 0.44 530.4 - 60510.2 - - 
 
 
Table 4: EDX elemental analysis and CO2 uptake of prepared LDH and calculation results for the molecular formulas, removed SDS 
and effective amine efficiency 
Sample 
N 
(wt%) 
C 
(wt%) 
S 
(wt%) 
Molecular formula 
(mmol/g)
a
 SDS/APTS 
Amine 
Loading 
(mmol/g) 
CO2 
Adsorbed 
(mmol/g) 
SDS 
removed 
(%) 
Effective 
amine 
loading 
(mmol/g)
b 
Effective 
Amine 
Efficiency
c 
Conv-LDH 0.65 51.35 11.41 [C12H25SO4]3.57-.[C0.01H0.52SiNO3]0.46 7.68 0.46 0.82    
Conv-MEA 6.60 26.60 1.05 [C12H25SO4]0.33-.[C3.87H10.17SiNO3]4.71 0.07 4.71 1.45 99.09 4.25 0.15 
US-LDH 3.11 51.16 11.08 [C12H25SO4]3.46-.[C0.49H1.72SiNO3]2.22 1.56 2.22 0.66    
US-MEA 7.34 30.64 0.60 [C12H25SO4]0.19-.[C4.44H11.60SiNO3]5.24 0.04 5.24 1.37 97.71 3.02 0.24 
HPH-LDH 2.55 13.68 1.50 [C12H25SO4]0.47-.[C3.17H8.43SiNO3]1.82 0.26 1.82 0.88    
HPH-MEA 7.36 9.27 0.82 [C12H25SO4]0.26-.[C0.88H2.71SiNO3]5.26 0.05 5.26 3.75 81.06 3.44 0.83 
a. All Nitrogen, Carbon and Sulphur elements in the grafted LDHs were attributed to come from organic compounds used for intercalation 
b. Effective amine loading = Difference in amine loading before and after LDH modification 
c. Effective Amine Efficiency = Difference in CO2 adsorbed before and after LDH modification/effective amine loading 
 Table 5: CO2 kinetic model parameters, R
2
 and standard errors (%) for prepared LDHs and amine functionalized LDHs at 55 
o
C and 
1 atm 
Samples 
Pseudo 1st 
Order  
Err 
R
2
 
  
Pseudo 2nd 
Order  
Err 
R
2
   
Double Exponential Err 
R
2
 
xe kf (%)   xe ks (%) xe A1 A2 k1 k2 (%) 
Conv-LDH 0.75 0.12 0.07 0.9766 
 
0.83 0.23 0.34 0.9483 
 
0.76 0.31 0.55 0.31 0.10 3.71 0.9815 
US-LDH 0.55 0.09 0.37 0.9062 
 
0.63 0.20 0.81 0.9631 
 
0.85 0.47 0.45 0.01 0.23 9.24 0.9897 
HPH-LDH 0.89 0.05 0.14 0.9356   1.14 0.04 0.38 0.9034   0.88 0.48 0.48 0.06 0.06 0.28 0.9421 
Conv-MEA 1.33 0.13 0.10 0.8786 
 
1.46 0.14 0.08 0.9711 
 
1.41 0.75 0.67 0.05 0.69 0.41 0.9968 
US-MEA 1.32 0.05 0.10 0.9826 
 
1.67 0.03 0.28 0.9709 
 
1.30 0.70 0.70 0.06 0.06 0.09 0.9861 
HPH-MEA 3.52 0.35 2.06 0.8733  3.72 0.17 2.34 0.9155  3.58 1.63 2.04 0.14 1.07 2.01 0.9327 
 
 
Figure 5 shows the N2 adsorption-desorption isotherms for Conv-LDH, US-LDH and HPH-LDH 
samples. The adsorbents show a type IV isotherm with H1 hysteresis loop characterized with the 
formation of a monolayer accompanied by multilayers occurring as a result of capillary 
condensation. This is a characteristic feature of mesoporous materials [24-26] validating the data 
represented in Table 1. These H1-hysteresis type materials are attributed to the formation of 
aggregates or  compact uniform spheres as shown in the SEM images [26]. The hysteresis loop for 
the HPH-LDH was observed to be broader than that of US- and Conv-LDHs indicating the extent 
of capillary condensation in the samples. It is observed that the volume adsorbed by HPH-LDH is 
3 folds that of US-LDH, which in turn is ~30 folds of the conventional LDH. This depicts an 
enhancement in the pore structure of the samples and is attributed to the enhancement of 
nucleation and precipitate growth resulting from improved dissolution and reaction process via 
sonication [20] and hydrothermal crystallization [27]. 
 
 
Figure 6: SEM images of prepared LDHs (a) Conv-LDH, (b) US-LDH, and (c) HPH-LDH 
 
Considering the surface texture of the samples, Figure 6 shows images of surface morphology of 
the prepared LDH samples. It can be seen from the figure that Conv-LDH presents a boulder-
shaped material with aggregated flaky plate-like surface. This may be explained by the formation 
of shell-core structure caused by the sequential reduction of two different metallic ions [10, 28] 
resulted from the difference in the reduction potentials of Al
3+
 and Mg
2+
 ions. This is similar to the 
sonication route sample but without the plate-like surface. Surface of these samples displayed 
more pores attributable to high-speed jets or shock waves resulting from bubble collapse [28]. 
Unlike the conventionally and ultrasonically prepared samples, the hydrothermal LDHs were 
smaller and of spherical structure, hence increasing the effective surface area for adsorption. 
4.2 Impact of preparation route on surface chemical content 
To investigate the impact of preparation route on the amine functional group and extent of 
oxidation on the surface of the adsorbent, XPS analysis was conducted. The N 1s and O 1s spectra 
are shown in Figure 7 and the data are summarized in Table 3. The deconvolution of N 1s spectra 
has two peaks at ca. 396 ( 0.9) eV and 400 ( 0.9) eV respectively (Figure 7a). These are assigned 
to free amine and protonated amines respectively [10, 29]. The concentration of free amino group 
decreased for species prepared via ultrasonic and hydrothermal mediation. This reveals that despite 
the enhanced physical properties of the adsorbent, ultrasonic and hydrothermal process has a 
reduced amount of free amino active sites on the adsorbent. This can be explained by the enhanced 
protonation of the free amine groups. However, the amine loading (deduced by the total 
concentration of N atom) is highest in species prepared via ultrasonic irradiation and least in the 
hydrothermal process. This can be partially attributed to the efficient ejection of hydroxyl radicals 
from bubbles during cavitation, which readily hydrates the anions; hence bonding the anions 
within the interlayers of the adsorbent [30]. This can be supported by the high content of hydroxyl 
group (OH
-
) in samples synthesised via ultrasonic irradiation. Similar to the N 1s spectra, Figure 
7b shows the deconvolution of the O 1s spectra into two bands at 529.1 eV and 531.6 eV 
respectively. However, only the former band (with a 0.75 eV chemical shift) was observed in the 
hydrothermally prepared sample. The first band relates to lattice oxygen (O
2-
), while the latter 
relates to adsorbed surface oxygen or hydroxyl groups (OH
-
) [13, 31]. The results summarised in 
Table 3 show that the ratio of hydroxyl group to lattice oxygen increased with ultrasonic 
irradiation but decreased with hydrothermal synthesis. This indicates that the surface concentration 
of the OH
- 
group is least for the hydrothermal process and greatest in the ultrasonic mediated 
process. This is consistent with findings from CO2-TPD analysis. This can be ascribed to the 
boosted crystallization of the metal oxides due to enhanced transport properties of supercritical 
water, a characteristic of the hydrothermal process [32]. Supplementary documents (Tables S1 and 
S2) support this finding. This hypothesis is made visible with the aid of the EDX spectroscopy (see 
supplementary documents, Figure S1), which shows the enhanced dispersion of the metals (Al
3+
 
and Mg
2+
) across the adsorbent. The high concentration of lattice oxygen in the hydrothermal route 
can be associated to the increased Mg content in the form of Mg-O-Mg groups or Mg
2+
-O
2-
 ion 
pairs [33]. 
CO2-TPD analysis was used to measure the surface basicity of the synthesised LDHs (Figure 6). 
Surface basicity increases with increase in desorption temperature [6]. As shown in Figure 6a, the 
desorption of CO2 basically occurs at overlapping peaks of 270 
oC (α) and 363 oC (β), 474 oC (γ) 
and 569 
oC (δ). At low temperatures (< 400 oC), desorption of CO2 is related to released CO2 from 
bicarbonates formed on weak and medium basic sites [10]. These weak sites are characteristics of 
the Brønsted OH
-
 group which are observed to be more prominent in the conventional and 
ultrasonic mediated routes [6] (Figure 6b). This corresponds with reported literatures validating 
that more weak and moderate basic sites are formed with the aid of ultrasonic irradiation [13]. 
Nonetheless, HPH-LDH desorbed CO2 at intermediate/high temperature states (> 400 
o
C). These 
are strong basic sites and relate to bi-dentate and mono-dentate carbonates adsorbed on low 
coordinative unsaturated lattice oxygen (O
2-
). This tends to agree with XPS and EDX results. A 
practical application of the basicity of this material vary from the recovery of CO2 from flue gases 
at low basic strength (low temperature level) to higher basic strength (high temperature level) 
processes like sorption enhanced hydrogenation. The latter has the advantage of ease of 
regeneration at low temperature gradients [6]. 
 
 Figure 7: XPS spectra of conventionally-, ultrasonically- and hydrothermally-prepared LDHs for 
(a) N 1s and (b) O 1s. 
 
 
Figure 6: CO2-TPD of synthesised LDH (a) Deconvolution of the CO2-TPD of UH-LDH and (b) 
Comparison of CO2-TPD of Conv-LDH, US-LDH and HPH-LDH. 
 To further understand the surface chemical content of the adsorbent, the amino functional group 
necessary for adsorption of CO2 was quantified using EDX results (See supplementary data Table 
S1). Table 4 shows the elemental analysis of each prepared sample using the EDX results from 
Table S1. As shown in Table 4, the amine loading was more effective using ultrasonic mediated 
route with 2.22 mmol/g as against 1.82 and 0.46 mmol/g for ultrasonic-assisted hydrothermal and 
the conventional route respectively. However, after functionalization of the adsorbent, the amine 
loading increased to 4.71, 5.24 and 5.26 mmol/g for conventional, ultrasonic and ultrasonic-
assisted hydrothermal synthesis respectively. This is observed to be a significant improvement 
compared to those results reported in literatures as documented in supplementary Table S3. 
 
4.3 Impact of preparation route on structural configuration 
Figure 7 shows the XRD analysis of synthesised LDHs. Typical Mg-Al LDH exhibits three 
separate peak regions: (a) high angle region          consisting of hk0 and hkl reflections 
attributed to the ordering within the metal hydroxide layers, (b) the mid-angle region         
     attributed to non-basal reflection 0kl whose locations are characteristic of the structural 
disorder and, (c) the low angle region          consisting of the 00l and h00 basal reflections 
characteristic of the size of intercalated anion [34]. These XRD reﬂections have been indexed 
according to the hexagonal lattice with rhombohedral symmetry (space group: R3m) [34-36]. A 
brief look from the figure indicates that the intensity of all reflections increased with the 
hydrothermal process. This is associated with an increase in interlayer water molecule and partial 
hydroxylation of double hydroxide sheets [37]. For the high angle region, peak at        
containing overlapping reflections of (110) and (113) attributed to interlayer spacing indicates that 
the hydrothermal route increases interlayer spacing. This is reported to be associated with the 
presence of oxygen-containing functional groups [38], which is observed to be highest in the 
hydrothermal synthetic method due to high metallic deposition and dispersion. Hydrothermal route 
is considered an important synthetic method for the preparation of highly dispersed heterogeneous 
materials. This is due to its tendency to dissolve and recrystallize materials at high temperature and 
pressure [39]. The 200 lattice peak reflection explains the crystal size of the material and its 
intensity is dependent on chemical composition and molar (M
2+
/M
3+
) ratio [40]. Consequently, the 
strength of basic sites should vary with the peak intensity, thus validating the effect of deposition 
and dispersion of divalent and trivalent cations on basic strength. For the low and mid-angle region, 
the increase in peak intensities can be attributed to change in configuration of the interlayer nitrate 
from single flat-lying molecular layer to multiple layers and with different orientation [35, 41]. To 
this effect, using the results of X-ray diffraction and polarized attenuated total reflection FTIR 
spectroscopy, Wang and Wang [41] explained that the change in orientation of interlayer nitrate 
anions is dependent on chemical composition of LDH. This corresponds with XPS and TPD results. 
 
 
Figure 7: X-ray diffraction patterns of synthesised Mg/Al LDHs via conventional co-precipitation 
(Conv-LDH), ultrasonic irradiation (US-LDH) and sonochemical-assisted hydrothermal route 
(HPH-LPH). 
 
4.4 Impact of preparation route on thermal stability 
The thermal stability of the prepared samples were obtained using Netzsch STA 449 F3 TGA from 
25 
o
C to 1000 
o
C with a 10 
o
C/min ramp. Figure 8 shows the TGA profiles for thermal 
disintegration of the prepared samples. Three distinct temperature phases were observed for 
material disintegration: T<~150 
o
C, ~150< T<~750 
o
C and ~750 
o
C< T. The first phase of weight 
loss (T<~150 
o
C) is attributed to the loss of interstitial water molecules. While for the second 
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phase (~150<T<~750 
o
C), the decomposition can be ascribed to the dehydroxylation and 
breakdown of the organic alkyl chain of the LDH. The observed irregular decomposition curve in 
this stage may indicate the occurrence of an uneven bonding structure, resulting to multi-stage 
dehydroxylation processes. The final weight loss (~750 
o
C<T) results from the decomposition of 
the sulphate species residuum [10]. From Figure 8a-c, it can be inferred that the thermal strength of 
HPH-LDH is higher than that of the conventional and ultrasonically prepared samples with a total 
weight loss of 68.98 amd 68.12% respectively, when compared to 10.56% of HPH-LDH as 
tabulated in Table S4 (supplementary document). For the first phase, the moisture content 
decreased significantly from 8.35 to 3.41% as the preparation process changed from conventional 
to hydrothermal. A more drastic reduction was experienced with the interstitial moisture content 
(second phase). This can be attributed to the enhanced bonding introduced by the hydrothermal 
process forming multi-layers as estimated from the XRD results. The third degradation phase 
infers that ultrasonic process is more likely to deposit more sulphate species, while the 
hydrothermal process is the least to do so. This is corresponds to the results obtained from XPS 
analysis (Table S2, supporting document). This indicates that the adoption of the hydrothermal-
route may be beneficial to the synthesis of a more stable material than the ultrasonic and 
conventional method. 
 
After introducing amine modification of the samples, the decomposition curves clearly show 
different behaviour compared with that of the untreated LDHs prepared by the same method. The 
curves display a well-defined three phase decomposition steps unlike the untreated ones, as can be 
seen from Figure 8(d-f). Within the same temperature range as that of the LDHs, the MEA-treated 
LDHs showed higher moisture content than the unprocessed ones except for the hydrothermal 
samples. This can be caused by the presence of leftover MEA molecules after the extraction 
process, which may have been strongly bonded to the hydrothermal samples resulting to the 
increase in weight loss in the second and third phase. However, for the ultrasonic and conventional 
route, the weight losses in the second and third phase reduced significantly, benefitting to 
production of a more stable material than the pure LDH. This can be explained by the reduced 
presence of the surfactant after the amine extraction. Showing from the total weight loss, it can be 
concluded that the thermal strength of the hydrothermal samples (total weight loss: 38.17%) even 
after amine extraction is better than that of the conventional and ultrasonically prepared samples 
(total weight loss: 52-53%).  
 
 
Figure 8: TGA curves comparing thermal stabilities of LDHs prepared via conventional and 
ultrasonic irradiation: (a) Conv-LDH, (b) UH-LDH and (c) HPH-LDH; as well as with amine 
modified LDHs: (d) Conv-MEA (e) UH-MEA and (f) HPH-MEA. 
 
 
4.5 Impact of preparation route on effective amine efficiency, CO2 uptake, regeneration 
efficiency and cyclic efficiency 
 
The average CO2 uptake for the various synthesis route is shown in Figure 9. The results show a 
reduction in CO2 uptake for the US-LDH when compared to the conventional, Conv-LDH. This 
corresponds to results from previous study [10]. However, an insignificant increase in CO2 uptake 
was observed for the hydrothermally prepared sample, HPH-LDH. Despite the enhanced textural 
properties of HPH-LDH, the adsorption capacity of this adsorbent showed no appreciable 
improvement. However, after amine extraction, the amine loading of adsorbents increased for all 
considered routes. This is part due to the exfoliation of the surfactant (SDS) (shown in Table 4) 
which varied from ca. 99%, 98% and 81% in the conventional, ultrasonic and hydrothermal 
processes respectively. As a result, this impacted on the effective amine loading and efficiency of 
the adsorbent. The effective amine loading was computed as the difference in amine loading before 
and after amine extraction, whereas effective amine efficiency was computed as the ratio of the 
difference in CO2 adsorbed before and after amine extraction to effective amine loading. HPH-
MEA showed the highest effective amine efficiency of 0.83 compared to 0.24 and 0.15 for US-
MEA and Conv-MEA respectively. This can be partly related to the improved deprotonation of 
protonated amino groups resulting from enhanced transport properties, characteristic of the 
hydrothermal process [32]. This expounds the impact of sonication and hydrothermal pre-
treatment in deprotonating protonated and/or probable dispersion of amino sites during LDH-
amine modification. Consequently, the adsorption capacity of HPH-LDH increases from 0.88-3.75 
mmol/g when compared to the increase of Conv-LDH from 0.82-1.45 mmol/g (supplementary 
document, Table S5). This indicates that CO2 uptake was stimulated more by chemisorption rather 
than physisorption. This can be attributed to the difference in basic strength of the prepared 
adsorbents. 
 
Figure 9: Average CO2 Uptake of LDH and amine-modified LDH prepared via the different routes. 
 
Thermal swing regeneration in an atmosphere of N2 was adopted for the regeneration of the amine 
modified adsorbent. A typical example of the regeneration profile is shown in Figure S2 of 
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supplementary document. In this figure, the effect of the preparation route on the cyclic sorption 
capacity of the adsorbent is presented. Amount of CO2 desorbed was measured after the first 
adsorption cycle prior to the second adsorption process. Consecutively, the regeneration and cyclic 
efficiencies of the adsorbents were calculated (supplementary document, Table S5). From the 
tabulated results in the figure, it is observed that HPH-MEA has the highest regeneration efficiency 
of 93%. This is a significant change when compared to 78% and 86% regeneration efficiencies for 
US-MEA and Conv-MEA respectively. However, the cyclic efficiency (computed as the 
percentage ratio of CO2 uptake from 2
nd
 cycle to 1
st
 cycle) of US-MEA is 76% compared to 60% 
and 53% for Conv-MEA and HPH-MEA respectively. Analysing the cyclic and regenerated 
efficiencies, it can be projected that the ultrasonic mediated synthesis route has an effective 
adsorption potential than the other two processes. It is observed that of the 78% regenerated active 
site, approx. 76% of this active site underwent the 2
nd
 adsorption process. This is lesser in Conv-
MEA and HPH-MEA respectively. The degradation in the cyclic adsorption efficiencies of these 
samples can be ascribed to the secondary reactions occurring between the amino group and CO2 as 
elaborated in previous study [10]. This implies that the ultrasonic mediated route is more suitable 
for the synthesis of long term effective CO2 LDH adsorbents. However, the hydrothermal process 
provides a significant change in sorption capacity of the adsorbent. Optimization of these two 
processes will contribute immensely to both sorption efficiency and effectiveness. 
 
4.6 Comparison of kinetic models 
From simulation results, the experimental kinetic uptake data for the samples synthesized from the 
different synthesis routes are summarized in Table 5. Comparative plots of these data using the 
kinetic models discussed in the previous section are shown in Figure 102. The results show that the 
double exponential model produced the best fit for the experimental data (considering the R
2
 
values). This unlike the pseudo first and second order model, is explained to account for the 
heterogeneity of the adsorbent’s surface [16]. In other words, it describes the adsorption 
mechanism to comprise of two different adsorption sites. Consequently, elucidating the occurrence 
of more than one reaction mechanism [42]. Therefore, the double exponential model can be 
explained to be of best fit of the three models because it possibly accounts for both chemisorption 
and physisorption of CO2. Rate constants ki=1,2 are the reaction rate coefficients for the respective 
adsorption mechanisms. The simulated results showed no particular variation of these parameter 
with the preparation route. The pre-exponential factors, Ai=1,2, indicate the weight coefficient that 
reflects the share of each adsorption mechanism [17]. From the tabulated results, it is observed that 
the second adsorption mechanism (indicated by i = 2) contributed a greater share towards CO2 
adsorption in Conv-LDH. This gradually reduced in US-LDH and was approximately evenly 
distributed between the two mechanisms in HPH-LDH. 
 
 
 
 
Figure 102: Comparison of different kinetic models with experimental data generated for 
adsorption kinetics of CO2 on (a) Conv-LDH, (b) US-LDH, (c) HPH-LDH, (d) Conv-MEA, (e) 
US-MEA and (f) HPH-MEA under and 55
o
C and 1 atm. 
  
Pseudo first and second order model also provided a relatively good fit for the experimental results. 
However, comparing to pseudo second order model, pseudo first order provided a better fit for 
both Conv-LDH and HPH-LDH experimental data.  This model better explains low surface 
coverage adsorption [43] whereas the pseudo second order model accounts for adsorption by 
chemisorption or adsorption at high adsorbate loadings [44]. Hence, it is logical to attribute the 
fitting of the second order model to US-LDH experimental data to the high amine loading. 
Considering the kinetic parameters, kf and ks, which depicts the time scale for the process to reach 
equilibrium [17]. Inverse of these parameters indicates the time required for the process to attain 
equilibrium. As shown in Table 5, the kf,s decreased in the following trend: conventional > 
ultrasonic > hydrothermal. This portrays that conventionally prepared LDH tends to attain 
equilibrium quicker than samples prepared from the other routes. Although pseudo first and second 
order models are associated with surface reaction control systems [17], the former was also derived 
by assuming film diffusion (FD) control [45] whereas the later simulates intra-particle diffusion 
(IPD)-driven kinetics of sorption for systems with both plane and spherical sorbent particles [46]. 
Consequently, it is likely to assume that IPD is more promoted in US-LDH. 
 
After amine extraction, the double exponential model was also of best fit for the obtained 
experimental data. However, the reverse trend was observed for the share of each adsorption 
mechanisms. Summarised results (Table 5) show that both adsorption mechanism approximately 
contributed evenly in the adsorption process in Conv-MEA and US-MEA; but the second 
mechanism dominated in HPH-MEA. The nature of these mechanisms are undetermined in this 
study but can be seen to give an insight on the adsorption trend of each sample. Nonetheless, 
correlating these findings with characterization results, the first adsorption mechanism (indicated 
by i = 1) can be inferred to be associated with the physical textural properties of the adsorbent. 
Subsequently, the enhanced textural properties via ultrasonic and hydrothermal treatment resulted 
to the increase in the share of the first adsorption mechanism. However, after amine extraction, the 
second mechanism, assumed to be characterized by chemisorption, increased in share in the 
following trend: Conv-MEA < US-MEA < HPH-MEA. This can be attributed to the enhanced 
amine loading and effective amine efficiency.  
 5. CONCLUSION 
A detailed comparison study of the impact of ultrasonic and hydrothermal pre-treatment on the 
basic strength, textural characteristics, effective amine efficiency, CO2 adsorption and regeneration 
capacities of Mg-Al LDH has been conducted. In addition, the contribution of these preparation 
routes to the thermal stability and reaction kinetics was discussed. The results obtained using the 
kinetic models clearly indicate that prior to amine extraction, the adsorption of Mg-Al LDH 
adsorbent is mostly facilitated by physisorption while adsorption is mainly promoted by 
chemisorption after amine extraction. The conclusions reached as the result of the present study 
can be summarised: 
 
(1) Characterization results show that the ultrasonic-assisted hydrothermal route immensely 
improves the porosity and surface morphology of the adsorbent. Furthermore, the surface chemical 
content was characterised with improved metal-ion distribution, hence increasing the basic 
strength of the adsorbent. This strongly contributes to the improved adsorption and regeneration 
capacities, as well as the thermal stability of the adsorbent. 
 
(2) The reason that the ultrasonic-assisted hydrothermal treatment can effectively promote the 
adsorption capacity of the adsorbent can be partially attributed to the ascent in the amount of 
strong basic sites (O
2-
) and subsequent decrease in both moderate (M-O) and weak (OH
-
 groups) 
basic sites resulting from the hydrothermal process. 
 
(3) The cyclic adsorption efficiency of the sonochemical process is better than that of both 
hydrothermal and conventional preparation routes. The sonochemical route shows the potential for 
enhanced amine loading and cyclic efficiency, thus providing a more suitable and economical 
approach for synthesis of double layered hydroxides. 
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Abstract 
Amine functionalized layered double hydroxide (LDHs) adsorbents prepared using three 
different routes: co-precipitation, sono-chemical and ultrasonic-assisted high pressure 
hydrothermal. The prepared adsorbent samples were characterised using X-ray diffraction 
(XRD), X-ray Photoelectron Spectroscopy (XPS), Scanning electron microscope-Energy 
dispersive X-ray spectroscopy (SEM-EDX), Temperature Programmed Desorption (TPD), 
Brunauer-Emmett-Teller (BET), and Thermogravimetric analysis (TGA), respectively. The 
performance of the prepared adsorbents was tested under a controlled thermal-swing adsorption 
process to measure its adsorption capacity, regeneration and cyclic efficiencies subsequently. 
The characterisation results were compared with those obtained using the conventional 
preparation routes but taking the impact of sonochemical and hydrothermal pre-treatment on 
textural properties, adsorption capacity, regeneration and cyclic efficiencies into account. 
Textural results depicts a surge in surface area of the adsorbent synthesised by hydrothermal 
route (311 m
2
/g) from 25 and 171 m
2
/g for conventional and ultrasonic routes respectively. 
Additionally, it has been revealed from the present study that adsorbents prepared using 
ultrasonic-assisted hydrothermal route exhibit a better CO2 uptake capacity than that prepared 
using sonochemical and conventional routes. Thus, the ultrasonic-assisted hydrothermal 
treatment can effectively promote the adsorption capacity of the adsorbent. This is probably due 
to the decrease of moderate (M-O) and weak (OH
-
 groups) basic sites with subsequent surge in 
the number of strong basic sites (O
2-
) resulting from the hydrothermal process. Moreover, the 
cyclic adsorption efficiency of the ultrasonic mediated process was found to be 76% compared 
with 60% for conventional and 53% for hydrothermal routes, respectively. According to the 
kinetic model analysis, adsorption mechanism is mostly dominated by physisorption before 
amine modification and chemisorption after the modification process. 
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 1. INTRODUCTION 
Adsorption of carbon dioxide is perceived as the most suitable method for Carbon Capture and 
Storage (CCS) technology [1, 2]. Extensive studies on various adsorbents used for CO2 uptake 
has been carried out over the years. Layered double Hydroxides (LDHs) provided comparatively 
high uptake capacity with numerous catalytic applications [3, 4]. Additionally, its ionic inter-
layered configuration enhances the number of basic sites and provides high contact surface area 
[4]. LDHs are anionic clay minerals also known as mixed-metal layered hydroxides or 
hydrotalcites-like compounds. They possess two dimensional structure of layers shaped by 
trivalent and divalent cations parted by water and anions molecules (see Figure 1Figure 1) with a 
general formula: 
     
    
        
       
        
  
 
where M
2+ 
and M
3+
 are divalent and trivalent cations respectively, A
m-
 is a compensating anionic 
charge, x is the partial substitution of M
2+ 
and M
3+
, usually within a M
2+
/M
3+ 
ratio of 2 and 5 [4-
6]. 
 
 
Figure 1: Structural configuration of layered double hydroxides ([5]-permission obtained) 
 
LDHs are basically synthesized via co-precipitation of solutions containing M
2+ 
and M
3+
 metal 
salts in a preferred interlayer anion [6, 7]. This synthesis method can be conducted at high or low 
supersaturation environments. In low supersaturation condition, the metal solutions are added 
concurrently to the solution containing the alkali; whereas the metal (at a given M
2+
/M
3+ 
ratio) 
mixture is added to the alkali and anion precursor solution for high supersaturation conditions. 
The former tends to produce more crystalline structures because of the increased rate of 
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nucleation over crystallization [6]. Besides this method, other means of synthesizing LDH are 
sol-gel and urea techniques [7, 8]. 
 
A key property of this material for the purpose of CO2 adsorption and other catalytic reactions is 
its basic property. Owing to the occurrence of interlayered anions and water molecules in the 
structure, LDH behave as solid bases. Wide ranges of basic strength can be obtained depending 
on the treatment route and metallic composition. This is primarily attributed to the nature and 
deposition of the divalent and trivalent cations on the material. With this property, CO2 has 
enough acidic strength to bond with the weak basic sites of LDH. However, with an improved 
basic strength, CO2 is chemisorbed weakly on low basic sites, surface hydroxyl groups forming 
bicarbonates and strongest on strong basic sites, free lattice oxygen (O
2-
) forming mono-dentate 
carbonates. Adsorption on medium basic sites are on acid-base (metal-oxygen) pairs like Mg
2+
-
O
2-
 or Al
3+
-O
2-
 forming tri-dentates or bi-dentates. The use of temperature-programmed 
desorption monitored by infrared spectroscopy are shown in Figure 2Figure 2 according to the 
work [9]. 
 
 
 
Figure 2: Infrared bands of adsorbed CO2 on LDH surface ([9]-Permission obtained) 
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The strength of these basic sites determine the adsorption and regeneration capacity of the 
adsorbent. Most research studies, to the best our knowledge, have emphasised the effect of 
metallic composition on this property. However, it is observed from this study that the 
preparation route plays a key role in the basic strength of this material. Subsequently, this affects 
the adsorption and regeneration capacities, as well as the life span of the material [10]. In 
addition, the intimate contact between the metallic contents of the LDHs enhances the physico-
chemical properties of these materials making it suitable precursors for the synthesis of mixed 
oxides for hydrogenation and dehydrogenation reactions [6, 11]. Metallic contact can be 
improved upon by boosting the deposition and dispersion of the cations on the adsorbent. This 
can be achieved by adopting several preparation routes [3, 12-14]. 
 
In this work, the impact of ultrasonic irradiation and ultrasonic-assisted hydrothermal synthesis 
route on the basicity, adsorption, regeneration and cyclic efficiencies were investigated. This is a 
follow-up study to recent work [10]. This method has shown to produce materials with well-
ordered formation [15]. The prepared samples were characterized using Scanning Electron 
Microscope (SEM), Energy Dispersion X-ray Spectroscopy (EDX), Brunauer-Emmett-Teller 
(BET), Thermal Gravimetric Analyzer (TGA), Temperature-Programmed Desorption (TPD), X-
ray Photoelectron Spectroscopy (XPS) and X-ray Diffraction (XRD). 
 
2. EXPERIMENTAL 
2.1 Material preparation 
Different preparation methods were used in preparing the layered double hydroxides (LDHs) 
using the standard method from previous study [10]: conventional co-precipitation, ultrasonic 
mediated and ultrasonic-assisted hydrothermal. Subsequently, MEA extractions of these LDHs 
were carried out to produce the amine modified LDHs. All chemicals used for experimentation 
were acquired from SinoPharm Chemical Reagents Co. Ltd. 
 
2.2 Sample Synthesis 
For MgAl LDH, 200 ml solution containing APTS (≥98%) and SDS (≥86%) (molar ratio: 5:1) 
respectively dissolved in a mixture of 50 ml C2H5OH (≥99.7%) and 150 ml distilled water was 
stirred for about 30 min at a temperature of 60 
o
C until the pH stabilized at about 10.3. This 
solution was then reacted with Mg(NO3)2·6H2O (≥98%) and Al(NO3)3·9H2O (≥99%)  (molar 
ratio: 3:1, dissolved in 100 ml of distilled water) solution by adding the latter dropwise while 
maintaining the temperature of the former at 60 
o
C. The mixture pH was regulated towards 10 
using 4 M NaOH (≥96%) solution. The substrate (molar ratio of Mg:Al:APTS:SDS = 3:1:5:1) 
was then aged for 20hr with the constant stirring at the maintained temperature. The filtered 
precipitates were then washed with ionised water before being vacuum dried (500 mbar at 70 
o
C) 
overnight. This sample is labelled as Conv-LDH. Using the same chemical composition and 
process, a set of new samples were prepared using sonicated mixing by ultrasonic horns (high 
intensity sonication, 600W) [10]. This sample is labelled as US-LDH. 
 
For ultrasonic-assisted hydrothermal synthesized samples, HPH-LDH, 32 ml solution containing 
APTS (≥ 98%) and SDS (≥ 86%) (APTS:SDS molar ratio: 5) was reacted with Mg(NO3)2.6H2O 
(≥ 98%) and Al(NO3)3.9H2O (≥ 99%)  (Mg:Al molar ratio: 3, dissolved in 16 ml of distilled 
water) solution. The latter was added dropwise while maintaining the temperature of the former 
at 60 
o
C and sonicating with ultrasonic horn. The substrate (molar ratio of Mg:Al:APTS:SDS = 
3:1:5:1) was moved to the hydrothermal reactor. After being vented with pure N2 gas (99.99%) 
for 15 mins in order to remove all of the oxygen before the reaction, the reactor was sealed and 
heated to a temperature of 450 °C with a ramp of 2 °C/min and then held for 15 mins. After 
reaction, the solution was aged for 12 hr. The precipitates were filtered, washed with distilled 
water and then dried in a vacuum oven (500 mbar at 70 
o
C) for 7 h. 
 
For MgAl LDH-MEA, the prepared LDHs were functionalised via MEA extraction. 0.5 g of LDH 
sample was dispersed in a solution of 100 ml C2H5OH (≥99.7%) containing 20 g MEA (≥99%). 
The mixture was then refluxed for 20 hr at a temperature of 90 
o
C. After which the samples were 
filtered, washed with ethanol and dried in a vacuum oven overnight. These samples are labelled 
Conv-MEA. Using an ultrasonic horn, the procedure was repeated for the synthesised US-LDHn 
samples. The obtained samples are labelled US-MEA. Similarly, this was repeated for the HPH-
LDH samples and labelled as HPH-MEA. 
 
2.3 Characterisation 
2.3.1. Nitrogen adsorption-desorption analysis: 
The textural characteristics of the prepared catalysts were studied by Nitrogen physisorption 
analysis at -196 
o
C using the Micrometrics ASAP 2020 Surface Area and Porosity Analyser. 
Prior to this analysis, samples were degassed at a temperature of 105 
o
C for 4 hr. The surface 
area (SBET) of the samples was determined using the BET (Brunauer, Emmett and Teller) model. 
The total pore volumes (VTotal) were computed from the amount of nitrogen adsorbed at relative 
pressure (P/Po) of 0.99 and the average pore volumes from 4VTotal/SBET. The pore size 
distribution was calculated using the BJH (Barrett, Joyner and Halenda) model. The t-plot 
method was used to calculate the micopore volume (Vmicro). 
 
2.3.2. Scanning electron microscope-Energy dispersive X-ray spectroscopy (SEM-EDX): 
The surface composition and structure of the prepared materials were studied with a Zeiss 
ΣIGMA™ Field Emission SEM and an Oxford Instrument INCAx-act PentaFET® Precision 
EDX. The EDX spectra for the LDHs were obtained. This was also used to compute the amine 
content present in the adsorbents 
 
2.3.3. X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) Analysis:  
XRD patterns were studied using a Bruker-AXS D8 advance powder diffractometer with a 
scanning range of 10
o
 ≤ 2θ≤ 90o. X-ray Photoelectron Spectroscopy (XPS) data of the adsorbent 
was obtained using Kratos X-ray Photoelectron Spectrometer – Axis Ultra DLD with a 96 W 
monochromatic Al Kα X-ray source (1486.69 eV) at a photoelectron take-off angle of 45°. 
Narrow scans were conducted at steps of 0.05 eV with dwell time of 600 ms whereas wide scans 
were conducted from 1100 eV to 0 eV with 150 ms dwell time and at 1 eV steps. The C 1s peak 
at 284.6 eV was used as the reference for standardizing the binding energy.  
 
2.3.4. Temperature-Programmed Desorption (TPD): 
CO2-TPD analysis was conducted using AutoChem II 2920. The TPD of CO2 measurements 
were conducted to evaluate the basicity of the catalysts. 0.1 g of the adsorbent was treated in the 
reactor in N2 atmosphere at a temperature of 350 
o
C for 2 hr. A thermal conductivity detector 
(TCD) was adopted to analyze desorption trends from 100 to 800 °C at a heating rate of 
10 °C/min. 
 
2.3.5. Thermo-gravimetric analysis: 
Thermal stability and CO2 uptake measurements were conducted using the Netzsch STA 449 F3 
Jupiter thermogravimetric analyser (TGA). 
Thermal Stability Measurement. The stability of the as-synthesised LDH samples in air was 
determined. 0.4 cm
3 
alumina crucible was loaded with 5-10 mg of sample and the thermal 
decomposition examined from 25 to 1000 
o
C , ramped 10 
o
C/min and under air flow (50 ml/min). 
 
CO2 Uptake Measurement. Approximately 5-10 mg of the synthesized sample was heated from 
25 to 105 
o
C at 20 
o
C/min under N2 at a flow rate of 50 ml/min; and then held isothermally for 30 
min before being cooled to the required adsorption temperature at a rate of 10 
o
C/min. The gas 
was switched from N2 to CO2 and held isothermally for 90 min at a flow rate of 20 ml/min. The 
experimental adsorption temperature is 55 
o
C. The CO2 adsorption capacity was calculated from 
the weight difference of the samples in CO2 atmosphere. The uptake profile was measured 
against an empty alumina crucible using the same method so as to correct the impact of change 
in gas density and viscosity. 
 
Thermally Assisted Regeneration of Adsorbent. Regeneration efficiency of the functionalized 
samples were analysed by thermal-assisted regeneration using nitrogen as a sweep gas. Two 
cycles of the CO2 uptake measurement was repeated in this case. In between the cycles, the 
adsorbents were thermally desorbed at 105 
o
C in a stream of N2 at a flow rate of 50 ml/min for 
10 mins. The amount adsorbed (Qa) and desorbed (Qd) were deduced by the change in weight of 
the samples. The regeneration efficiency (RE) was thus estimated based on equation (1): 
 
%100
a
d
Q
Q
RE     (Equation-1) 
 
3. THEORETICAL 
To predict kinetic behaviour, the experimental results were simulated assuming pseudo-first, 
pseudo-second order and double-exponential kinetic models [16]. The double exponential model 
was considered because of its feasibility to explain the surface heterogeneity of the adsorbent 
accounting for two different adsorption sites. Additionally, it can partially elaborate the kinetic 
mechanisms associated with both pseudo-first and second order reactions. This mechanism can 
be categorised into a controlled slow phase intra-particle diffusion and a controlled fast phase 
surface reaction [17]. 
 
Pseudo-first order model 
 tke fexx  1     (Equation-2) 
Pseudo-second order model 
tkx
tkx
x
se
se


1
2
     (Equation-3) 
Double exponential model 
 tktke eAeAxx 21 21       (Equation-4) 
where x and xe represents the CO2 uptake at a given time and equilibrium respectively, kf and ks 
are the first and second order rate constants respectively, Ai and ki, i=1,2 are pre-exponential 
factors and rate constants for the two adsorption sites respectively, and t is the time of 
adsorption. The obtained experimental data are fitted to the models and selecting the one with the 
best fit. 
 
To determine the suitability of each model, an error function (Err) defined by equation (5) was 
applied: 
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   (Equation-5) 
where xexp and xmod are CO2 uptake determined experimentally and computed using the model 
respectively and N is the total number of experimental points. It is reasonable to assume that the 
adsorption rate constant, k for both pseudo-first and -second order model is the same for each 
group of functionalized and non-functionalized adsorbents since they are both grafted with the 
same amino silane. However, this was not assumed in this study. The effect of preparation route 
on the rate constant was rather studied 
 
4. DISCUSSION OF RESULTS 
4.1. Impact of preparation route on textural properties and surface morphology 
Table 1: Texture properties of the samples 
Sample 
SBET  Particle 
Size 
VTotal Vmicro Average Pore 
Width 
%Micro* 
(m
2
/g) (nm) (cm
3
/g) (cm
3
/g) (nm) (%) 
Conv-LDH 25.03 239.67 0.0161 0.0008 2.57 4.97 
US-LDH 171.20 35.05 0.5528 0.0229 12.92 4.14 
HPH-LDH 311.18 19.28 1.4005 0.0023 18.00 0.16 
*%Micro = Vmicro/VTotal 
 
From Table 1Table 1, SBET of Conv-LDH is ca. 25 m
2
/g which showed an increase to 171.20 and 
311.18 m
2
/g for US-LDH and HPH-LDH respectively. In the same trend, the total pore volume 
showed a tremendous increase indicating that the sonication and hydrothermal preparation 
methods enhances the porosity of the sample as well as the surface area when compared to other 
studies (see Table 2Table 2). However, these methods tend to reduce the micropores in the 
sample with the hydrothermal route exhibiting the least microporous percentile. This depicts that 
the sample is a mesoporous/macroporous material with minor microporous features. The features 
of these pores can be seen from Figure 3. All three samples contained approximately the same 
volume ratio of mesopores to macropores. However, the Conv-LDH is observed to have a higher 
percentile of low range mesopores (2-10 nm) contributing to 55% of the total pore volume as 
compared to 10% and 15% for US-LDH and HPH-LDH respectively. The high range mesopores 
(10-50 nm) accounted for about 50% of the total pore volume of the US-LDH and HPH-LDH 
samples compared to ca. 7% in Conv-LDH. This can be further illustrated by the inserted image 
of Figure 3Figure 3 displaying the pore size distribution in terms of total volume percentages. 
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 Figure 3: Pore size distribution of Conv-, US- and HPH-LDH samples 
 
Figure 4Figure 4 shows the total absolute volume of the pores at various pore size. It depicts that 
the high range mesopores mostly contribute to the total pore volume of the samples and 
comprises of a higher pore distribution. 
 
Figure 4: Total pore volume of various pore sizes of Conv-, US- and HPH-LDH samples (bubble 
size indicates relative amount of pore size) 
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Table 2: Comparison of SBET for different LDH adsorbent via different preparation routes 
Sample* Preparation Method 
SBET 
Reference 
(m
2
/g) 
LDH Commercial 2.90 [18] 
CO3-LDH Commercial 18.90 [19] 
Conv-LDH Co-precipitation 10.50 [20] 
Conv-LDH Co-precipitation 44-70 [18] 
Conv-LDH Co-precipitation 69.78 [21] 
Conv-LDH Co-precipitation 25.03 Current work 
c-LDH Calcined Co-precipitation 84-123 [18] 
c-CO3-LDH Calcined Solvothermal 165.07 [22] 
US-LDH Ultrasonic assisted 84.44 [21] 
US-LDH Ultrasonic assisted 171.20 Current work 
r-LDH Reconstructed 45-55 [18] 
CO3-LDH Solvothermal 24.74 [22] 
LDH Silylated-Calcined 19.20 [23] 
HPH-LDH Hydrothermal 311.18 Current work 
*LDH samples are Mg-Al LDH 
 
 
  
Figure 5: Nitrogen adsorption-desorption isotherms for Conv-LDH, US-LDH and HPH-LDH 
samples (inserted image shows the enlarged isotherm for Conv-LDH) 
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Table 3: Surface content and binding energy for N 1s and O 1s levels for LDH, US-LDH and HPH-LDH 
  N 1s Spectra O 1s Spectra 
Preparation  
Route 
Sample 
Binding Energy  
(eV) 
Area  
(cps eV) 
Content 
 
 
    
          
  
Binding Energy  
(eV) 
Area 
 (cps eV) 
Content 
 
 
   
   
  
Free 
Amine 
Protonated 
Amine 
Free 
Amine 
Protonated 
Amine 
Lattice 
Oxygen 
(O
2-
) 
Hydroxyl 
Group 
(OH
-
) 
Lattice  
Oxygen 
(O
2-
) 
Hydroxyl 
Group 
(OH
-
) 
Conventional Conv-LDH 396.7 400.8 640.0 626.4 1.02 529.9 531.4 7633.2 1011.8 0.13 
Ultrasonic  US-LDH 396.9 400.3 574.1 876.6 0.65 529.8 531.3 10109.2 2053.1 0.21 
Hydrothermal HPH-LDH 395.4 399.1 349.7 791.2 0.44 530.4 - 60510.2 - - 
 
 
Table 4: EDX elemental analysis and CO2 uptake of prepared LDH and calculation results for the molecular formulas, removed SDS 
and effective amine efficiency 
Sample 
N 
(wt%) 
C 
(wt%) 
S 
(wt%) 
Molecular formula 
(mmol/g)
a
 SDS/APTS 
Amine 
Loading 
(mmol/g) 
CO2 
Adsorbed 
(mmol/g) 
SDS 
removed 
(%) 
Effective 
amine 
loading 
(mmol/g)
b 
Effective 
Amine 
Efficiency
c 
Conv-LDH 0.65 51.35 11.41 [C12H25SO4]3.57-.[C0.01H0.52SiNO3]0.46 7.68 0.46 0.82    
Conv-MEA 6.60 26.60 1.05 [C12H25SO4]0.33-.[C3.87H10.17SiNO3]4.71 0.07 4.71 1.45 99.09 4.25 0.15 
US-LDH 3.11 51.16 11.08 [C12H25SO4]3.46-.[C0.49H1.72SiNO3]2.22 1.56 2.22 0.66    
US-MEA 7.34 30.64 0.60 [C12H25SO4]0.19-.[C4.44H11.60SiNO3]5.24 0.04 5.24 1.37 97.71 3.02 0.24 
HPH-LDH 2.55 13.68 1.50 [C12H25SO4]0.47-.[C3.17H8.43SiNO3]1.82 0.26 1.82 0.88    
HPH-MEA 7.36 9.27 0.82 [C12H25SO4]0.26-.[C0.88H2.71SiNO3]5.26 0.05 5.26 3.75 81.06 3.44 0.83 
a. All Nitrogen, Carbon and Sulphur elements in the grafted LDHs were attributed to come from organic compounds used for intercalation 
b. Effective amine loading = Difference in amine loading before and after LDH modification 
c. Effective Amine Efficiency = Difference in CO2 adsorbed before and after LDH modification/effective amine loading 
 Table 5: CO2 kinetic model parameters, R
2
 and standard errors (%) for prepared LDHs and amine functionalized LDHs at 55 
o
C and 
1 atm 
Samples 
Pseudo 1st 
Order  
Err 
R
2
 
  
Pseudo 2nd 
Order  
Err 
R
2
   
Double Exponential Err 
R
2
 
xe kf (%)   xe ks (%) xe A1 A2 k1 k2 (%) 
Conv-LDH 0.75 0.12 0.07 0.9766 
 
0.83 0.23 0.34 0.9483 
 
0.76 0.31 0.55 0.31 0.10 3.71 0.9815 
US-LDH 0.55 0.09 0.37 0.9062 
 
0.63 0.20 0.81 0.9631 
 
0.85 0.47 0.45 0.01 0.23 9.24 0.9897 
HPH-LDH 0.89 0.05 0.14 0.9356   1.14 0.04 0.38 0.9034   0.88 0.48 0.48 0.06 0.06 0.28 0.9421 
Conv-MEA 1.33 0.13 0.10 0.8786 
 
1.46 0.14 0.08 0.9711 
 
1.41 0.75 0.67 0.05 0.69 0.41 0.9968 
US-MEA 1.32 0.05 0.10 0.9826 
 
1.67 0.03 0.28 0.9709 
 
1.30 0.70 0.70 0.06 0.06 0.09 0.9861 
HPH-MEA 3.52 0.35 2.06 0.8733  3.72 0.17 2.34 0.9155  3.58 1.63 2.04 0.14 1.07 2.01 0.9327 
 
 
Figure 5Figure 5 shows the N2 adsorption-desorption isotherms for Conv-LDH, US-LDH and 
HPH-LDH samples. The adsorbents show a type IV isotherm with H1 hysteresis loop 
characterized with the formation of a monolayer accompanied by multilayers occurring as a result 
of capillary condensation. This is a characteristic feature of mesoporous materials [24-26] 
validating the data represented in Table 1Table 1. These H1-hysteresis type materials are attributed 
to the formation of aggregates or  compact uniform spheres as shown in the SEM images [26]. The 
hysteresis loop for the HPH-LDH was observed to be broader than that of US- and Conv-LDHs 
indicating the extent of capillary condensation in the samples. It is observed that the volume 
adsorbed by HPH-LDH is 3 folds that of US-LDH, which in turn is ~30 folds of the conventional 
LDH. This depicts an enhancement in the pore structure of the samples and is attributed to the 
enhancement of nucleation and precipitate growth resulting from improved dissolution and 
reaction process via sonication [20] and hydrothermal crystallization [27]. 
 
 
Figure 6: SEM images of prepared LDHs (a) Conv-LDH, (b) US-LDH, and (c) HPH-LDH 
 
Considering the surface texture of the samples, Figure 6 shows images of surface morphology of 
the prepared LDH samples. It can be seen from the figure that Conv-LDH presents a boulder-
shaped material with aggregated flaky plate-like surface. This may be explained by the formation 
of shell-core structure caused by the sequential reduction of two different metallic ions [10, 28] 
resulted from the difference in the reduction potentials of Al
3+
 and Mg
2+
 ions. This is similar to the 
sonication route sample but without the plate-like surface. Surface of these samples displayed 
more pores attributable to high-speed jets or shock waves resulting from bubble collapse [28]. 
Unlike the conventionally and ultrasonically prepared samples, the hydrothermal LDHs were 
smaller and of spherical structure, hence increasing the effective surface area for adsorption. 
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4.2 Impact of preparation route on surface chemical content 
To investigate the impact of preparation route on the amine functional group and extent of 
oxidation on the surface of the adsorbent, XPS analysis was conducted. The N 1s and O 1s spectra 
are shown in Figure 7Figure 7 and the data are summarized in Table 3Table 3. The deconvolution 
of N 1s spectra has two peaks at ca. 396 ( 0.9) eV and 400 ( 0.9) eV respectively (Figure 
7Figure 7a). These are assigned to free amine and protonated amines respectively [10, 29]. The 
concentration of free amino group decreased for species prepared via ultrasonic and hydrothermal 
mediation. This reveals that despite the enhanced physical properties of the adsorbent, ultrasonic 
and hydrothermal process has a reduced amount of free amino active sites on the adsorbent. This 
can be explained by the enhanced protonation of the free amine groups. However, the amine 
loading (deduced by the total concentration of N atom) is highest in species prepared via ultrasonic 
irradiation and least in the hydrothermal process. This can be partially attributed to the efficient 
ejection of hydroxyl radicals from bubbles during cavitation, which readily hydrates the anions; 
hence bonding the anions within the interlayers of the adsorbent [30]. This can be supported by the 
high content of hydroxyl group (OH
-
) in samples synthesised via ultrasonic irradiation. Similar to 
the N 1s spectra, Figure 7Figure 7b shows the deconvolution of the O 1s spectra into two bands at 
529.1 eV and 531.6 eV respectively. However, only the former band (with a 0.75 eV chemical 
shift) was observed in the hydrothermally prepared sample. The first band relates to lattice oxygen 
(O
2-
), while the latter relates to adsorbed surface oxygen or hydroxyl groups (OH
-
) [13, 31]. The 
results summarised in Table 3Table 3 show that the ratio of hydroxyl group to lattice oxygen 
increased with ultrasonic irradiation but decreased with hydrothermal synthesis. This indicates that 
the surface concentration of the OH
- 
group is least for the hydrothermal process and greatest in the 
ultrasonic mediated process. This is consistent with findings from CO2-TPD analysis. This can be 
ascribed to the boosted crystallization of the metal oxides due to enhanced transport properties of 
supercritical water, a characteristic of the hydrothermal process [32]. Supplementary documents 
(Tables S1 and S2) support this finding. This hypothesis is made visible with the aid of the EDX 
spectroscopy (see supplementary documents, Figure S1), which shows the enhanced dispersion of 
the metals (Al
3+
 and Mg
2+
) across the adsorbent. The high concentration of lattice oxygen in the 
hydrothermal route can be associated to the increased Mg content in the form of Mg-O-Mg groups 
or Mg
2+
-O
2-
 ion pairs [33]. 
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CO2-TPD analysis was used to measure the surface basicity of the synthesised LDHs (Figure 
6Figure 8). Surface basicity increases with increase in desorption temperature [6]. As shown in 
Figure 6Figure 8a, the desorption of CO2 basically occurs at overlapping peaks of 270 
oC (α) and 
363 
oC (β), 474 oC (γ) and 569 oC (δ). At low temperatures (< 400 oC), desorption of CO2 is related 
to released CO2 from bicarbonates formed on weak and medium basic sites [10]. These weak sites 
are characteristics of the Brønsted OH
-
 group which are observed to be more prominent in the 
conventional and ultrasonic mediated routes [6] (Figure 6Figure 8b). This corresponds with 
reported literatures validating that more weak and moderate basic sites are formed with the aid of 
ultrasonic irradiation [13]. Nonetheless, HPH-LDH desorbed CO2 at intermediate/high temperature 
states (> 400 
o
C). These are strong basic sites and relate to bi-dentate and mono-dentate carbonates 
adsorbed on low coordinative unsaturated lattice oxygen (O
2-
). This tends to agree with XPS and 
EDX results. A practical application of the basicity of this material vary from the recovery of CO2 
from flue gases at low basic strength (low temperature level) to higher basic strength (high 
temperature level) processes like sorption enhanced hydrogenation. The latter has the advantage of 
ease of regeneration at low temperature gradients [6]. 
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 Figure 7: XPS spectra of conventionally-, ultrasonically- and hydrothermally-prepared LDHs for 
(a) N 1s and (b) O 1s 
 
 
Figure 68: CO2-TPD of synthesised LDH (a) Deconvolution of the CO2-TPD of UH-LDH and (b) 
Comparison of CO2-TPD of Conv-LDH, US-LDH and HPH-LDH. 
 To further understand the surface chemical content of the adsorbent, the amino functional group 
necessary for adsorption of CO2 was quantified using EDX results (See supplementary data Table 
S1). Table 4 shows the elemental analysis of each prepared sample using the EDX results from 
Table S1. As shown in Table 4, the amine loading was more effective using ultrasonic mediated 
route with 2.22 mmol/g as against 1.82 and 0.46 mmol/g for ultrasonic-assisted hydrothermal and 
the conventional route respectively. However, after functionalization of the adsorbent, the amine 
loading increased to 4.71, 5.24 and 5.26 mmol/g for conventional, ultrasonic and ultrasonic-
assisted hydrothermal synthesis respectively. This is observed to be a significant improvement 
compared to those results reported in literatures as documented in supplementary Table S3. 
 
4.3 Impact of preparation route on structural configuration 
Figure 7Figure 9 shows the XRD analysis of synthesised LDHs. Typical Mg-Al LDH exhibits 
three separate peak regions: (a) high angle region          consisting of hk0 and hkl reflections 
attributed to the ordering within the metal hydroxide layers, (b) the mid-angle region         
     attributed to non-basal reflection 0kl whose locations are characteristic of the structural 
disorder and, (c) the low angle region          consisting of the 00l and h00 basal reflections 
characteristic of the size of intercalated anion [34]. These XRD reﬂections have been indexed 
according to the hexagonal lattice with rhombohedral symmetry (space group: R3m) [34-36]. A 
brief look from the figure indicates that the intensity of all reflections increased with the 
hydrothermal process. This is associated with an increase in interlayer water molecule and partial 
hydroxylation of double hydroxide sheets [37]. For the high angle region, peak at        
containing overlapping reflections of (110) and (113) attributed to interlayer spacing indicates that 
the hydrothermal route increases interlayer spacing. This is reported to be associated with the 
presence of oxygen-containing functional groups [38], which is observed to be highest in the 
hydrothermal synthetic method due to high metallic deposition and dispersion. Hydrothermal route 
is considered an important synthetic method for the preparation of highly dispersed heterogeneous 
materials. This is due to its tendency to dissolve and recrystallize materials at high temperature and 
pressure [39]. The 200 lattice peak reflection explains the crystal size of the material and its 
intensity is dependent on chemical composition and molar (M
2+
/M
3+
) ratio [40]. Consequently, the 
strength of basic sites should vary with the peak intensity, thus validating the effect of deposition 
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and dispersion of divalent and trivalent cations on basic strength. For the low and mid-angle region, 
the increase in peak intensities can be attributed to change in configuration of the interlayer nitrate 
from single flat-lying molecular layer to multiple layers and with different orientation [35, 41]. To 
this effect, using the results of X-ray diffraction and polarized attenuated total reflection FTIR 
spectroscopy, Wang and Wang [41] explained that the change in orientation of interlayer nitrate 
anions is dependent on chemical composition of LDH. This corresponds with XPS and TPD results. 
 
 
Figure 79: X-ray diffraction patterns of synthesised Mg/Al LDHs via conventional co-precipitation 
(Conv-LDH), ultrasonic irradiation (US-LDH) and sonochemical-assisted hydrothermal route 
(HPH-LPH) 
 
4.4 Impact of preparation route on thermal stability 
The thermal stability of the prepared samples were obtained using Netzsch STA 449 F3 TGA from 
25 
o
C to 1000 
o
C with a 10 
o
C/min ramp. Figure 8Figure 10 shows the TGA profiles for thermal 
disintegration of the prepared samples. Three distinct temperature phases were observed for 
material disintegration: T<~150 
o
C, ~150< T<~750 
o
C and ~750 
o
C< T. The first phase of weight 
loss (T<~150 
o
C) is attributed to the loss of interstitial water molecules. While for the second 
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phase (~150<T<~750 
o
C), the decomposition can be ascribed to the dehydroxylation and 
breakdown of the organic alkyl chain of the LDH. The observed irregular decomposition curve in 
this stage may indicate the occurrence of an uneven bonding structure, resulting to multi-stage 
dehydroxylation processes. The final weight loss (~750 
o
C<T) results from the decomposition of 
the sulphate species residuum [10]. From Figure 8Figure 10a-c, it can be inferred that the thermal 
strength of HPH-LDH is higher than that of the conventional and ultrasonically prepared samples 
with a total weight loss of 68.98 amd 68.12% respectively, when compared to 10.56% of HPH-
LDH as tabulated in Table S4 (supplementary document). For the first phase, the moisture content 
decreased significantly from 8.35 to 3.41% as the preparation process changed from conventional 
to hydrothermal. A more drastic reduction was experienced with the interstitial moisture content 
(second phase). This can be attributed to the enhanced bonding introduced by the hydrothermal 
process forming multi-layers as estimated from the XRD results. The third degradation phase 
infers that ultrasonic process is more likely to deposit more sulphate species, while the 
hydrothermal process is the least to do so. This is corresponds to the results obtained from XPS 
analysis (Table S2, supporting document). This indicates that the adoption of the hydrothermal-
route may be beneficial to the synthesis of a more stable material than the ultrasonic and 
conventional method. 
 
After introducing amine modification of the samples, the decomposition curves clearly show 
different behaviour compared with that of the untreated LDHs prepared by the same method. The 
curves display a well-defined three phase decomposition steps unlike the untreated ones, as can be 
seen from Figure 8Figure 10(d-f). Within the same temperature range as that of the LDHs, the 
MEA-treated LDHs showed higher moisture content than the unprocessed ones except for the 
hydrothermal samples. This can be caused by the presence of leftover MEA molecules after the 
extraction process, which may have been strongly bonded to the hydrothermal samples resulting to 
the increase in weight loss in the second and third phase. However, for the ultrasonic and 
conventional route, the weight losses in the second and third phase reduced significantly, 
benefitting to production of a more stable material than the pure LDH. This can be explained by 
the reduced presence of the surfactant after the amine extraction. Showing from the total weight 
loss, it can be concluded that the thermal strength of the hydrothermal samples (total weight loss: 
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38.17%) even after amine extraction is better than that of the conventional and ultrasonically 
prepared samples (total weight loss: 52-53%).  
 
 
Figure 810: TGA curves comparing thermal stabilities of LDHs prepared via conventional and 
ultrasonic irradiation: (a) Conv-LDH, (b) UH-LDH and (c) HPH-LDH; as well as with amine 
modified LDHs: (d) Conv-MEA (e) UH-MEA and (f) HPH-MEA 
 
 
4.5 Impact of preparation route on effective amine efficiency, CO2 uptake, regeneration 
efficiency and cyclic efficiency 
 
The average CO2 uptake for the various synthesis route is shown in Figure 9Figure 11. The results 
show a reduction in CO2 uptake for the US-LDH when compared to the conventional, Conv-LDH. 
This corresponds to results from previous study [10]. However, an insignificant increase in CO2 
uptake was observed for the hydrothermally prepared sample, HPH-LDH. Despite the enhanced 
textural properties of HPH-LDH, the adsorption capacity of this adsorbent showed no appreciable 
improvement. However, after amine extraction, the amine loading of adsorbents increased for all 
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considered routes. This is part due to the exfoliation of the surfactant (SDS) (shown in Table 
4Table 4) which varied from ca. 99%, 98% and 81% in the conventional, ultrasonic and 
hydrothermal processes respectively. As a result, this impacted on the effective amine loading and 
efficiency of the adsorbent. The effective amine loading was computed as the difference in amine 
loading before and after amine extraction, whereas effective amine efficiency was computed as the 
ratio of the difference in CO2 adsorbed before and after amine extraction to effective amine 
loading. HPH-MEA showed the highest effective amine efficiency of 0.83 compared to 0.24 and 
0.15 for US-MEA and Conv-MEA respectively. This can be partly related to the improved 
deprotonation of protonated amino groups resulting from enhanced transport properties, 
characteristic of the hydrothermal process [32]. This expounds the impact of sonication and 
hydrothermal pre-treatment in deprotonating protonated and/or probable dispersion of amino sites 
during LDH-amine modification. Consequently, the adsorption capacity of HPH-LDH increases 
from 0.88-3.75 mmol/g when compared to the increase of Conv-LDH from 0.82-1.45 mmol/g 
(supplementary document, Table S5). This indicates that CO2 uptake was stimulated more by 
chemisorption rather than physisorption. This can be attributed to the difference in basic strength 
of the prepared adsorbents. 
 
Figure 911: Average CO2 Uptake of LDH and amine-modified LDH prepared via the different 
routes 
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Thermal swing regeneration in an atmosphere of N2 was adopted for the regeneration of the amine 
modified adsorbent. A typical example of the regeneration profile is shown in Figure S2 of 
supplementary document. In this figure, the effect of the preparation route on the cyclic sorption 
capacity of the adsorbent is presented. Amount of CO2 desorbed was measured after the first 
adsorption cycle prior to the second adsorption process. Consecutively, the regeneration and cyclic 
efficiencies of the adsorbents were calculated (supplementary document, Table S5). From the 
tabulated results in the figure, it is observed that HPH-MEA has the highest regeneration efficiency 
of 93%. This is a significant change when compared to 78% and 86% regeneration efficiencies for 
US-MEA and Conv-MEA respectively. However, the cyclic efficiency (computed as the 
percentage ratio of CO2 uptake from 2
nd
 cycle to 1
st
 cycle) of US-MEA is 76% compared to 60% 
and 53% for Conv-MEA and HPH-MEA respectively. Analysing the cyclic and regenerated 
efficiencies, it can be projected that the ultrasonic mediated synthesis route has an effective 
adsorption potential than the other two processes. It is observed that of the 78% regenerated active 
site, approx. 76% of this active site underwent the 2
nd
 adsorption process. This is lesser in Conv-
MEA and HPH-MEA respectively. The degradation in the cyclic adsorption efficiencies of these 
samples can be ascribed to the secondary reactions occurring between the amino group and CO2 as 
elaborated in previous study [10]. This implies that the ultrasonic mediated route is more suitable 
for the synthesis of long term effective CO2 LDH adsorbents. However, the hydrothermal process 
provides a significant change in sorption capacity of the adsorbent. Optimization of these two 
processes will contribute immensely to both sorption efficiency and effectiveness. 
 
4.6 Comparison of kinetic models 
From simulation results, the experimental kinetic uptake data for the samples synthesized from the 
different synthesis routes are summarized in Table 5Table 5. Comparative plots of these data using 
the kinetic models discussed in the previous section are shown in Figure 10Figure 12. The results 
show that the double exponential model produced the best fit for the experimental data 
(considering the R
2
 values). This unlike the pseudo first and second order model, is explained to 
account for the heterogeneity of the adsorbent’s surface [16]. In other words, it describes the 
adsorption mechanism to comprise of two different adsorption sites. Consequently, elucidating the 
occurrence of more than one reaction mechanism [42]. Therefore, the double exponential model 
can be explained to be of best fit of the three models because it possibly accounts for both 
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chemisorption and physisorption of CO2. Rate constants ki=1,2 are the reaction rate coefficients for 
the respective adsorption mechanisms. The simulated results showed no particular variation of 
these parameter with the preparation route. The pre-exponential factors, Ai=1,2, indicate the weight 
coefficient that reflects the share of each adsorption mechanism [17]. From the tabulated results, it 
is observed that the second adsorption mechanism (indicated by i = 2) contributed a greater share 
towards CO2 adsorption in Conv-LDH. This gradually reduced in US-LDH and was approximately 
evenly distributed between the two mechanisms in HPH-LDH. 
 
 
 
 
Figure 1012: Comparison of different kinetic models with experimental data generated for 
adsorption kinetics of CO2 on (a) Conv-LDH, (b) US-LDH, (c) HPH-LDH, (d) Conv-MEA, (e) US-
MEA and (f) HPH-MEA under and 55
o
C and 1 atm 
 
 
Pseudo first and second order model also provided a relatively good fit for the experimental results. 
However, comparing to pseudo second order model, pseudo first order provided a better fit for 
both Conv-LDH and HPH-LDH experimental data.  This model better explains low surface 
coverage adsorption [43] whereas the pseudo second order model accounts for adsorption by 
chemisorption or adsorption at high adsorbate loadings [44]. Hence, it is logical to attribute the 
fitting of the second order model to US-LDH experimental data to the high amine loading. 
Considering the kinetic parameters, kf and ks, which depicts the time scale for the process to reach 
equilibrium [17]. Inverse of these parameters indicates the time required for the process to attain 
equilibrium. As shown in Table 5Table 5, the kf,s decreased in the following trend: conventional > 
ultrasonic > hydrothermal. This portrays that conventionally prepared LDH tends to attain 
equilibrium quicker than samples prepared from the other routes. Although pseudo first and second 
order models are associated with surface reaction control systems [17], the former was also derived 
by assuming film diffusion (FD) control [45] whereas the later simulates intra-particle diffusion 
(IPD)-driven kinetics of sorption for systems with both plane and spherical sorbent particles [46]. 
Consequently, it is likely to assume that IPD is more promoted in US-LDH. 
 
After amine extraction, the double exponential model was also of best fit for the obtained 
experimental data. However, the reverse trend was observed for the share of each adsorption 
mechanisms. Summarised results (Table 5Table 5) show that both adsorption mechanism 
approximately contributed evenly in the adsorption process in Conv-MEA and US-MEA; but the 
second mechanism dominated in HPH-MEA. The nature of these mechanisms are undetermined in 
this study but can be seen to give an insight on the adsorption trend of each sample. Nonetheless, 
correlating these findings with characterization results, the first adsorption mechanism (indicated 
by i = 1) can be inferred to be associated with the physical textural properties of the adsorbent. 
Subsequently, the enhanced textural properties via ultrasonic and hydrothermal treatment resulted 
to the increase in the share of the first adsorption mechanism. However, after amine extraction, the 
second mechanism, assumed to be characterized by chemisorption, increased in share in the 
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following trend: Conv-MEA < US-MEA < HPH-MEA. This can be attributed to the enhanced 
amine loading and effective amine efficiency.  
 
5. CONCLUSION 
A detailed comparison study of the impact of ultrasonic and hydrothermal pre-treatment on the 
basic strength, textural characteristics, effective amine efficiency, CO2 adsorption and regeneration 
capacities of Mg-Al LDH has been conducted. In addition, the contribution of these preparation 
routes to the thermal stability and reaction kinetics was discussed. The results obtained using the 
kinetic models clearly indicate that prior to amine extraction, the adsorption of Mg-Al LDH 
adsorbent is mostly facilitated by physisorption while adsorption is mainly promoted by 
chemisorption after amine extraction. The conclusions reached as the result of the present study 
can be summarised: 
 
(1) Characterization results show that the ultrasonic-assisted hydrothermal route immensely 
improves the porosity and surface morphology of the adsorbent. Furthermore, the surface chemical 
content was characterised with improved metal-ion distribution, hence increasing the basic 
strength of the adsorbent. This strongly contributes to the improved adsorption and regeneration 
capacities, as well as the thermal stability of the adsorbent. 
 
(2) The reason that the ultrasonic-assisted hydrothermal treatment can effectively promote the 
adsorption capacity of the adsorbent can be partially attributed to the ascent in the amount of 
strong basic sites (O
2-
) and subsequent decrease in both moderate (M-O) and weak (OH
-
 groups) 
basic sites resulting from the hydrothermal process. 
 
(3) The cyclic adsorption efficiency of the sonochemical process is better than that of both 
hydrothermal and conventional preparation routes. The sonochemical route shows the potential for 
enhanced amine loading and cyclic efficiency, thus providing a more suitable and economical 
approach for synthesis of double layered hydroxides. 
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